We have prepared Ca-intercalated multilayer epitaxial graphene films on silicon carbide and observed superconductivity in them with both magnetic and transport measurements. Superconducting transition has been detected at temperature up to 7 K in Ca-intercalated epitaxial graphene with the thickness down to 10 layers grown on both Si-face and C-face of silicon carbide. The result demonstrates intercalated epitaxial graphene as a good platform to study graphene-based superconductivity. Carbon allotropes have been attracting continuous research interests from the field of superconductivity because they are believed to be potential superconductors with high transition temperatures (T c ) when supplied with additional charge carriers.
1 Superconductivity has been experimentally observed not only in bulk carbon materials, such as diamond and graphite, but also in carbon nano-structures, such as fullerene and carbon nanotube, that are doped with certain impurties. [2] [3] [4] [5] What is particularly interesting among them is graphite intercalation compounds (GICs). 6 In this class of materials, dopants reside between carbon sheets of graphite, usually in ordered way, which makes their structure relatively well-defined and their physical properties, thus easy to be studied. 6 Superconductive GICs were first found decades ago in KC 8 but with T c well below 1 K. 2 The recent discoveries of GICs with much higher T c , CaC 6 (11.5 K) and YbC 6 (6.5 K), reactivate the researches in this direction. 7 Graphene is a two-dimensional (2D) version of graphite exhibiting novel electronic structure and properties. 8, 9 It is very intriguing to see how the superconductivity in GICs evolves in the 2D limit. Superconductivity in doped graphene down to single layer has been investigated theoretically, [10] [11] [12] [13] with unique properties, for example, chiral superconductivity, 11 predicted. A recent work reported the observation of superconductivity in potassium-doped graphene flakes. 14 However, the small crystallite size and non-uniformity in macroscopic scale, which are unavoidable for flake samples, make systematic studies of their structures and superconductivity rather challenging. Epitaxial graphene (EG), especially that grown on insulating silicon carbide (SiC) substrate, can be made uniform and single crystalline in macroscopic size, 9 which provides a much better system to fabricate superconductive intercalated graphene.
EG films can be grown on both the (0001) (Si face) and (000 1) (C-face) surfaces of SiC substrates by thermal decomposition of SiC and sublimation of Si atoms, but the structures of the EG on the two surfaces are different. 15 In the EG on Si-face of SiC, carbon monolayers stack in the same way as in bulk graphite (AB-stacking). 16 On the other hand, for EG on C-face, there are rotational faults between adjacent carbon monolayers, which decouple their electrons so that the sample exhibits properties analogous to a single layer graphene. 17 In this work, with the conventional method of synthesizing CaC 6 from bulk graphite, 18 we prepared Caintercalated multilayer EG on both Si-and C-faces of SiC, and realized superconductivity in both cases.
We use commercial SiC substrates to grow EG films. The preparation consists of the typical hydrogen etching and graphitization processes. 9 Figures 1(a) and 1(b) display the typical atomic force microscope (AFM) images of the resulting EGs on C-and Si-faces of SiC, respectively. Both images show clear step-terrace structure with atomically flat terraces, reflecting the morphology of the below SiC substrates. The white linear features in Fig. 1 (a) are ridge structures resulting from compressive strain, which are often seen on the surfaces of EG on SiC. 19 Raman spectroscopy is a common technique to characterize graphene. 20, 21 Figure 1(c) shows the Raman spectra of three representative EG samples that were used for intercalation reaction and superconductivity measurements: one grown on Si-face and the other two on C-face of SiC. In all the three spectra, the most prominent features are located at $1580 cm À1 and $2700 cm
À1
, which are the characteristic G and 2D peaks of graphite/graphene, respectively. This observation confirms the existence of graphene layers on the SiC substrates. The low intensity of D peaks at $1350 cm À1 , which corresponds to zone-boundary phonons, suggests low defect density and high quality of the samples. 20, 21 The several small features around G peaks come from SiC substrates. The thickness of EG on SiC can be estimated from intensity ratio between the peaks of SiC and graphene, as well as the width of 2D peak. 21 The thickness of the EG sample on Si-face of SiC is estimated to be $10 layers (L). The two samples on C-face have thicknesses of $10 L and $50 L, respectively.
The procedure of intercalation reaction is basically the same as that used for preparation of bulk CaC 6 . 18 The EG covered SiC substrates are immersed into melted Li-Ca alloy, with the Li:Ca molar ratio of 3, which is contained in a tantalum crucible. The crucible is then vacuum-sealed in a C for 7 days for intercalation reaction. The role of Li is twofold: first, it lowers the melting temperature of Ca; second, it acts as the precursor for intercalation of Ca into graphene. 18 With enough long reaction time, Li atoms that enter between carbon layers in advance can be completely substituted by Ca atoms and expelled out of graphene. 18 After intercalation reaction, the samples are taken for superconductivity measurements soon after being extracted from the remaining Li-Ca metal. The sample handlings are carried out in an argon glove-box to avoid ambient oxidation of the samples and Li-Ca alloy. Superconducting properties are investigated by both magnetic and transport measurements with a vibration sample magnetometer (VSM) and a Physical Property Measurement System (PPMS) of Quantum Design, Inc., respectively.
It is to note that since the superconductivity of CaC 6 is very vulnerable to ambient conditions, 7 a Ca-intercalated EG sample loses its superconductivity in very short time (less than 1 min) in atmosphere. Nevertheless, Ca-intercalated EG samples always have residual Li-Ca metal on their surfaces, which can protect the samples from deterioration for several hours. The metallic overlayer however introduces paramagnetic background and parallel conduction channels in magnetic and transport measurements, respectively, which can cover the superconducting signal. Thus, superconductivity could only be measured in samples covered with medium amount of residual metals. Figure 2 (a) shows the field cooling (FC) (red) and zerofield cooling (ZFC) (black) curves of temperature (T) dependent magnetic moment (m) of the intercalated EG sample of $50 L on C-face of SiC measured with VSM. At high temperature, m is positive and shows little temperature dependence, indicating a paramagnetic behavior. At 3.2 K, there is a sudden drop of the measured magnetic moment from positive to negative in both the FC and ZFC curves, with the latter one exhibiting larger magnitude of change. The magnetic field (H) dependent m measured at 1.8 K is shown in the inset of Fig. 2(a) , which is clearly a superimposition of a paramagnetic part and a diamagnetic one at low field. The strong diamagnetic signal at low temperature and low magnetic field suggests superconductivity in the sample, whereas the paramagnetic signal can be mainly attributed to the residual LiCa metal on the sample surface. The superconductivity is further demonstrated by a series of m-H curves measured at different temperatures (see Fig. 2(b) ). These curves exhibit the same negative initial susceptibility (m/H) (forming a downward straight-line) indicating superconducting phase. Depending on the temperature, they then jump to positive values at different magnetic fields, and finally merge into one upward straight-line (the paramagnetic background). It is the typical behavior of Meissner effect. The critical fields (H c ) at different temperatures are obtained from the positions where the curves join the straight-line of paramagnetic background, which are plotted in Fig. 2(c) (solid red circles) . The H c -T relation cannot be well fitted with the BCS theory (the black dashed curve in Fig. 2(c) ), but shows the similar tendency with that of bulk CaC 6 . 18 Compared with bulk CaC 6 , the H c values of the intercalated EG are smaller by one order of magnitude. We have carried out control experiment with bare SiC substrates that are heated in melted Li-Ca alloy under the same condition as that for preparing the intercalated EG. No indication of any superconductivity transition could be found. Thus, the observed superconductivity can only be attributed to the intercalated EG. Figure 2 (d) displays temperature dependent resistance of an intercalated EG sample of $50 L on C-face of SiC. At zero field, an abrupt drop of resistance to near zero is observed at $3.4 K, suggesting a superconducting transition (black). The superconductivity is further confirmed by quench of the transition by a magnetic field of 500 Oe (red). Figure 2 (e) exhibits the field dependent resistance at various temperatures from which we can also obtain the temperature dependence of H c . The H c -T relation (solid green triangles in Fig. 2(c) ) is basically consistent with the data obtained from magnetic measurements. Thus, superconductivity in the Caintercalated EG of 50 L on C-face of SiC is unambiguously confirmed by both magnetic and transport measurements.
Signature of superconducting transition is also observed in thinner Ca-intercalated EGs (down to 10 L) not only grown on C-face, but also on Si-face SiC. Figure 3(a) shows the FC and ZFC m-T curves of a Ca-intercalated EG of $10 L on Si-face of SiC. The curves show a clear drop below 7 K, implying a superconducting transition here. However, the amplitude of the drop is very small, only around 5 Â 10 À7 emu, which suggests that only a small portion of the sample is superconductive. In a Ca-intercalated EG of $10 L on C-face of SiC, distinct deviation between FC and ZFC curves is observed below 7 K (Fig. 3(b) ). The measured magnetic moment gradually decreases in the ZFC curve, suggesting non-uniform superconductivity, probably resulting from sample deterioration under ambient condition as usually seen in bulk CaC 6 .
Due to the weaker signal and increased fragility of the samples, as well as the not-well-controlled capping layer of residual metal, it is difficult to obtain well-repeated superconductivity in intercalated EGs as thin as 10 L. The temperature and sharpness of superconducting transition differ from samples to samples, which prevents us from obtaining reliable thickness dependent data of the superconductivity and observing superconductivity in thinner samples. Better sample protection methods are crucial for further in-depth studies. Nevertheless, the results so far have demonstrated that superconductivity can indeed be realized in EGs through intercalation reaction with the same method for synthesizing GICs. The large crystalline size and well-controlled thickness of EG samples make the electronic structure and superconductivity of their intercalation compounds easy to be studied by many characterization techniques, which open a gate to systematic experimental investigations on graphene-based superconducting phenomena. 
